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Abstract: The efficiency of the combined cycle is significantly influenced by the temperature, pressure and humidity of the ambient air. The aim of this study is to investigate 
the influence of the inlet air cooling system (fogging cooling system) on the gas turbine performance by energy and exergy analyses. Energy and exergy analysis was carried 
out for nine cases based on the operation data of a gas turbine. Performance parameters include fuel consumption, specific fuel consumption, thermal efficiency, net power 
output, exergetic efficiency and exergy destruction rates of the components for the cases. It is concluded that the net power output of the gas-turbine system increases at 
lower inlet air temperatures, and based on the mean values, exergetic efficiency and exergy destruction ratio were found as 37.35% and 33.02%, respectively. 
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1 INTRODUCTION 
Some of the important parameters that influence the 
performance of the gas turbines are the ambient 
temperature, air pressure and moisture. As the temperature 
of air increases the density of air decreases, and the mass 
flow rate of compressed air diminishes. The power output 
of the gas turbine is proportional to the mass flow rate of 
air. As a remedy of this problem during hot seasons, the air 
at the compressor inlet is cooled. Various cooling methods 
are present for reducing the gas turbine inlet temperature. 
These methods are mainly evaporative coolers, spray inlet 
coolers or fogging systems, and mechanical refrigeration 
or chillers [1, 2].  Among these methods, fogging systems 
have become increasingly popular recently because of their 
effectiveness and low cost.   
The inlet air fogging systems, that inject water into the 
air flow passage through nozzles, causing the air to cool as 
the water droplets evaporates, are widely used. Cooling the 
inlet air to the wet bulb temperature will increase the 
density of the air and air mass flow, and hence will boost 
the power and efficiency of the plant. However, this type 
of cooling is limited by wet-bulb temperature. 
Engineers studied gas-turbine air intake systems in 
order to minimize the adverse effect of higher inlet air 
temperature on the turbine performance. There are various 
types of research in the literature related with inlet air 
cooling. Chaker et al. performed extensive experimental 
and theoretical studies, coupled with practical aspects 
learned in the design and implementation of nearly 500 
inlet fogging systems on gas turbines ranging from 5 to 250 
MW [3].  Utamura et al. determined that the power output 
of the gas turbine could be increased by 10% using 1% 
fogging under ambient conditions of 35°C and 53% 
relative humidity [4]. Bhargava et al. studied inlet air 
cooling effect on gas turbine performance by using fogging 
system and reported that high pressure inlet fogging could 
have had a different influencing effect on the performance 
of a combined cycle power plant [5]. An analytical method 
for evaluating the applicability of a combined cycle power 
plant with inlet air cooling was developed by Yang et al. 
They concluded that inlet fogging is superior in terms of 
power output at 15-20 °C ambient temperatures when 
compared with chilling [6]. El-Hadik performed a 
parametric study on the influence of ambient temperature, 
humidity and turbine inlet-temperature on power and 
thermal efficiency [7]. Unver et al. used degree day method 
to predict the theoretical maximum power production of 
gas turbine in different ambient temperatures. The 
influence of temperature drop on the power production was 
found to be 1.36 MW/°C [8].  In another study, a media 
evaporative cooling system installed in the gas turbines of 
the Iran combined cycle power plant is evaluated and the 
payback period is obtained about four years [9]. Sanaye 
and Tahani studied the effects of evaporative cooling on 
gas turbine performance. They proposed the prediction 
equations for the amount of actual increased net power 
output of various gas turbines [10]. 
The performance of energy systems is carried out on 
the basis of thermodynamic methods. Nevertheless, an 
energy analysis is not always enough to understand the 
performance of the energy systems while it only considers 
the amount of energy transferring through the system 
boundaries. Whereas, the exergy analysis is a practical 
method for evaluation of energy conversion processes and 
is regarded with the available part of the energy. 
Additionally, it enables to identify the location of 
irreversibilities and magnitudes of destructions [11, 12]. 
In recent years, exergy analysis of power and cooling 
system applications has attracted great interest. Khaliq and 
Dincer carried out the energetic and exergetic efficiencies 
of a gas turbine cogeneration plant with inlet air cooling. 
They concluded that system performance increased via 
using the cooling processes [13]. Athari et al. performed 
energy, exergy and exergoeconomic analyses of the 
integration of biomass gasification with a gas turbine plant 
incorporating fog cooling. Their results showed that 
increasing gas turbine inlet temperature improved the 
energy and exergy efficiencies [14]. In summer session 
energy efficiency of plant decreases by about 1.5% points 
without fog cooling system [15]. Barigozzi et al. reported 
on a techno-economical parametric analysis of an inlet air 
cooling system applied to an aero-derivative gas turbine for 
a combined cycle power plant. High temperature combined 
with low relative humidity sites typical of desert areas 
gives best techno-economic performance [16]. Ahmadi et 
al. performed thermodynamic modelling of a gas turbine 
cycle with absorption chiller. They determined that the 
cooling tower is calculated to have the highest exergy 
destruction rate with 3.16 MW [17]. Unver and Kilic 
conducted exergy analysis of a power plant considering 
environmental temperature variations. They found that 
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specific fuel consumption reduced by 5% when the 
environmental temperature decreases [18]. Najjaret al. 
found that thermal efficiency and exergy efficiency of a gas 
turbine was 30.38% and 37.23%, respectively at 45 °C 
ambient temperature conditions [19]. Ehyaei et al. have 
done a comprehensive thermodynamic modelling of a 
combined cycle power plant considering the effects of inlet 
fogging by using exergy method and found that the 
utilization of the fog air cooling systems can improve the 
plant efficiency in hot and dry regions [20].   
In this study, a comparative and exergetic study of a 
gas turbine system with inlet air cooling based on actual 
operating data belonging to 239 MW power plant, was 
done. The influence of fogging system on the net power 
output was determined. Fuel consumption, specific fuel 
consumption, thermal efficiency, net power output of the 
system, exergy efficiency and exergy destruction rates of 
the plant were obtained. 
2 GAS TURBINE SYSTEM 
The investigated plant is a part of a combined cycle 
power plant, which is located in Marmara Region (Turkey). 
The nominal power output of the gas turbine is 239 MW at 
ISO conditions (15 °C and 60% RH). The mass flow rate 
of the air at the compressor is 649 kg/s, and the pressure 
ratio is 16 bar (Fig. 1).  
Figure 1 Block flow diagram of the gas turbine 
The cooling effect is provided by water evaporation 
before air enters into the compressor. By using nozzles, 
demineralized water is converted into a fog. In the fogging 
system, water evaporation is achieved prior to the air 
entering into the compressor. However, evaporative 
cooling has some limitations based on the ambient 
humidity conditions. 
3 ENERGY AND EXERGY ANALYSIS 
Thermodynamic changes can take place between the 
air and the water in a fogging system. The first laws of 
thermodynamics are employed to investigate the 
performance of inlet fogging system. 
Under the assumption of ideal gas behaviour, the 
humidity ratio (ω) can be described as follows: 
)/()622.0( vv PPP −=ω (1) 
The energy balance equation for fogging system is, 
wiaeaiaea hhh )( ,,,, ωω −+=  (2) 
Some assumptions have been done during the analysis 
of the system. All processes in the cases were assumed as 
steady-state. Kinetic and potential energy effects were 
neglected. The air and natural gas were considered ideal 
gases. The gain and loss of heat, pressure drops, have been 
neglected, and all equipment operates adiabatically. The 
mass flow rate in the air compressor was 649 kg/s in all 
cases. Environmental conditions were taken as the 
reference state for each case.    
The rate of total exergy destruction for a control 
volume at steady state condition equation is given below. 
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Kinetic and potential exergy are assumed to be 
negligible and the total exergy of the system can be 
calculated by:  
ph ch
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Physical exergy can be calculated by: 
ph
0 0 0( ) ( )xe h h T s s= − − − (7) 






x i x i ii
i i
e y e RT y y
= =
= +∑ ∑  (8) 
For the kth component of a system, the exergy balance 
can be formulated as [21, 22]:  
F, P, L, D,k k k kEx Ex Ex Ex= + +     (9) 
Here the F, P, L, and D indices are for fuel, product, 
loss and destruction, respectively. The exergy of fuel is the 
exergy entering the system and the exergy of product is the 
exergy of existing stream or work. Exergy loss is the 
thermodynamic loss caused by the exergy transfer to the 
environment. Exergy destruction is the loss due to the 
irreversibilities within the system boundaries [21, 22]. 
The exergetic efficiency (ε) and the improvement 
potential ( potI ) can be formulated as [21]: 
P, F, D, F,/ 1 ( / )k k k kEx Ex Ex Exε = = −     (10)
pot D, L,(1 )k kI Ex Exε= − +    (11) 
The exergy destruction ratio ( D, ky ) is the ratio of the 
exergy destruction ( D, kEx ) in the kth component to the
fuel supplied to the overall system ( F, totEx ) [21]:
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While the specific fuel consumption can be calculated 








4 RESULTS AND DISCUSSION 
The performance of the gas-turbine was investigated 
to obtain the influence of the fogging system by using the 
recorded values from the power plant. Calculations were 
carried out considering different inlet temperatures. For 
this aim, nine distinct cases were determined (Tab. 1). 
Fig. 2(a) is the demonstration of the variation of fuel 
consumption depending on the air compressor inlet 
temperature. When the inlet temperature of the air 
increased, the flow rate of the fuel in the combustion 
chamber decreased. At 27 °C, it was observed that fuel 
consumption is on the rate of 56000 Nm3/h. On the 
contrary at 19 °C, the fuel consumption was close to 58000 
Nm3/h. As the air compressor inlet temperature increases, 
the density of air decreases and so the mass flow rate of the 
air was decreased.  
Fig. 2(b) shows the variation of fuel consumption 
depending on generated power. When the fuel consumption 
increases, the net power output of the gas turbine also 
increases.  
At the rate of 212 MW, it was observed that fuel 
consumption was at the rate of 56000 Nm3/h while at the 
rate of 225 MW, the fuel consumption rate was 
approximately 58000 Nm3/h. 
The variation of specific fuel consumption with air 
compressor inlet temperature is presented in Fig. 3(a). It is 
seen that the ambient temperature increases depending on 
the specific fuel consumption. In other words, air mass 
flow rate of the compressor was increased with decreasing 
ambient temperature. Thus, the fuel mass flow rate 
increases due to the air flow rate. The generated power 
increased with inlet compressor air mass flow rate and the 
specific fuel consumption increased parallel to the ambient 
temperature. 
Effect of ambient temperature on the thermal 
efficiency can be seen in Fig. 3(b). It was seen that the 
thermal efficiency was changed with the variation of the 
ambient temperature. The thermal efficiency was on the 
range of 38.0% - 39.5% without inlet fogging system Fig. 
4 demonstrates the performance of the gas turbine system 
at various temperatures.  
Table 1 Flow properties and exergy amounts of the streams 
CASE-1 (211.98 MW) 
Stream P (kPa) T (°C) h s xE
1 Air 101.3 37.0 38.81 6.32 0.000 
2 WT 101.3 20.0 84.01 0.30 0.003 
3 Air 101.3 23.2 24.97 6.78 0.546 
4 Air 1,470.0 431.0 445.10 6.40 261.890 
5 NG 3,760.0 196.0 712.17 8.91 567.350 
6 CG 1,470.0 1,350.0 1,595.80 7.74 779.930 
7 CG 101.3 558.0 634.28 7.62 164.430 
CASE -2 (218.03 MW) 
1 Air 101.3 33.0 34.80 6.31 0.000 
2 WT 101.3 20.0 84.01 0.30 0.002 
3 Air 101.3 22.1 23.86 6.28 0.113 
4 Air 990.0 371.0 380.96 6.42 222.380 
5 NG 4,010.0 92.0 457.87 8.28 574.190 
6 CG 1,460.0 1,350.0 1,595.79 7.74 782.230 
7 CG 101.3 558.0 634.28 7.62 167.860 
CASE -3 (214.12 MW) 
1 Air 101.3 32.5 34.29 6.31 0.000 
2 WT 101.3 20.0 84.01 0.30 0.006 
3 Air 101.3 27.0 28.78 6.29 0.019 
4 Air 1,400.0 437.0 451.53 6.42 268.408 
5 NG 3,700.0 200.0 722.83 8.94 567.569 
6 CG 1,400.0 1,350.0 1,595.76 7.76 783.122 
7 CG 101.3 558.0 634.28 7.62 168.168 
CASE -4 (214.14 MW) 
1 Air 101.3 32.0 33.79 6.31 0.000 
2 WT 101.3 20.0 84.01 0.30 0.004 
3 Air 101.3 25.7 27.47 6.29 0.116 
4 Air 1,460.0 434.0 648.32 6.40 267.021 
5 NG 3,870.0 200.0 721.52 8.92 667.569 
6 CG 1,460.0 1,350.0 1,595.80 7.74 785.038 
7 CG 101.3 558.0 634.28 7.62 168.521 
CASE -5 (217.06 MW) 
1 Air 101.3 30.0 31.79 6.30 0.000 
2 WT 101.3 20.0 84.01 0.30 0.004 
3 Air 101.3 23.4 25.17 6.28 0.065 
4 Air 1,470.0 431.0 445.10 6.40 266.336 
5 NG 3,770.0 197.0 414.63 8.92 567.534 
6 CG 1,470.0 1,350.0 1,595.80 7.74 785.662 
7 CG 101.3 558.0 634.28 7.62 170.348 
CASE -6 (218.55 MW) 
1 Air 101.3 29.6 31.39 6.30 0.000 
2 WT 101.3 20.0 84.01 0.30 0.002 
3 Air 101.3 26.0 27.77 6.29 0.031 
4 Air 1,400.0 430.0 444.00 6.41 265.659 
5 NG 3,700.0 197.0 715.81 8.92 577.157 
6 CG 1,400.0 1,350.0 1,595.76 7.76 784.981 
7 CG 101.3 558.0 634.28 7.62 170.607 
CASE-7 (214.11 MW) 
1 Air 101.3 28.5 30.28 6.30 0.000 
2 WT 101.3 20.0 84.01 0.30 0.003 
3 Air 101.3 25.0 26.77 6.28 0.145 
4 Air 1,400.0 433.0 447.27 6.41 268.377 
5 NG 3,700.0 200.0 722.83 8.93 567.656 
6 CG 1,400.0 1,350.0 1,595.76 7.76 785.118 
7 CG 101.3 558.0 634.28 7.62 171.630 
CASE -8 (217.97 MW) 
1 Air 101.3 25.0 26.77 6.28 0.000 
2 WT 101.3 20.0 84.01 0.30 0.001 
3 Air 101.3 22.0 23.76 6.27 0.033 
4 Air 1,470.0 430.0 444.03 6.39 286.958 
5 NG 3,700.0 197.0 715.18 8.92 577.252 
6 CG 1,470.0 1,350.0 1,595.80 7.74 788.990 
7 CG 101.3 558.0 634.28 7.62 174.644 
CASE -9 (225.08 MW) 
1 Air 101.3 20.7 22.46 6.27 0.000 
2 WT 101.3 20.0 84.01 0.30 0.001 
3 Air 101.3 19.0 20.75 6.26 0.080 
4 Air 1,500.0 426.0 439.74 6.38 269.257 
5 NG 3,800.0 193.0 704.22 8.89 586.829 
6 CG 1,500.0 1,350.0 1,595.82 7.74 790.939 
7 CG 101.3 558.0 634.28 7.62 177.605 
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Figure 2 (a) Variation of power consumption depending on air compressor inlet temperature 
(b) Variation of fuel consumption depending on generated power 
 
 
Figure 3 (a) Variation of specific fuel Consumption depending on compressor inlet temperature 
(b) Variation of thermal efficiency depending on ambient temperature 
 
 
Figure 4 Variation of turbine net power output depending on ambient 
temperature 
 
Based on the results, when the inlet temperature of the 
air increased, it caused a decrease in flow rate of the fuel. 
Thus, the generated power of the gas turbine was also 
decreased. The net generated power from the plant was 
decreased in contrast with increased temperature. 
Conversely, the power and efficiency increased when the 
inlet air temperature was reduced. 
The results obtained from exergy analysis are 
reported in Tab. 2 and the variation of exergy flows of the 
main streams in the cases are shown in Fig. 5. 
The exergetic results of the system, namely, exergy of 
fuel, exergy of product, exergy loss, exergy destruction, 
improvement potential, exergetic efficiency and the 
exergy destruction ratio were calculated for different cases 
based on the various ambient temperatures. It was 
obviously seen that the amount of the fuel and the net 
power output were changed with the environmental 
conditions (Tab. 2). The obtained results were also shown 
graphically (Fig. 5). 
 
Table 2 Results obtained from exergy analysis for the gas turbine system 
CASE FEx (MW) PEx (MW) LEx (MW) DEx (MW) Ipot (MW) ε (%) y (%) 
Case-1 567.53 211.98 168.17 187.38 69.99 37.35 33.02 
Case-2 577.22 218.03 170.60 188.58 71.23 37.77 32.67 
Case-3 567.80 214.12 168.52 185.16 69.82 37.71 32.61 
Case-4 567.95 214.14 171.63 182.17 68.69 37.71 32.07 
Case-5 567.66 217.06 170.35 180.25 68.92 38.24 31.75 
Case-6 568.45 218.55 164.43 185.47 71.31 38.45 32.63 
Case-7 574.42 214.11 167.87 192.44 71.73 37.27 33.50 
Case-8 577.19 217.97 174.64 184.57 69.70 37.76 31.98 
Case-9 586.99 225.08 177.61 184.30 70.67 38.34 31.40 
Mean Value 572.80 216.78 170.42 185.59 70.23 37.35 33.02 
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Figure 5 Variation of exergy flows of the main streams in the cases 
 
 
Figure 6 (a) Distribution of the exergy of fuel based on the mean values, (b) Power distribution of the gas turbine based on the mean values 
 
Based on the mean values of the cases, distribution of 
the exergy of fuel ( FEx ) in terms of exergy of product 
( PEx ), exergy loss ( LEx ) and exergy destruction D( ),Ex  
is illustrated by Fig. 6(a). The power distribution of the gas 
turbine based on mean values is shown in Fig. 6(b). 
The exergy of the product, exergy loss and exergy 
destruction rates were found as 37.50%, 29.75% and 
32.40%, of the exergy of fuel (100%), respectively               
(Fig. 6a). It is obvious that the 55% of the power generated 




Performance parameters of gas turbine with inlet 
fogging system have been investigated based on energy 
and exergy analysis. The performance of a gas turbine 
power plant can be affected by many parameters. Among 
these, the temperature of combustion air plays an important 
role and directly affects the net power output. In this study, 
in order to determine the impact of fogging system on the 
system performance, nine different cases were investigated 
using energy and exergy analysis. 
According to the results, the performance of the gas 
turbine system decreased with the increase in the intake air 
temperature. It is concluded that generated power of the 
inlet air-cooled cycle was higher than that without inlet air 
cooling system. Based on the results, exergetic efficiency 
and exergy destruction ratio were found as 37.35% and 
33.02%, for the mean values obtained for the gas turbine 
system, respectively. Besides, the power distribution of the 
gas turbine was found to be 55% as compressor 
consumption and 45% as net power output based on the 
mean value of the cases. It was observed that fuel 
consumption of gas turbine increases by 3.5% when 
ambient temperature decreases from 27 °C to 19 °C. On the 
other hand, the power output increased by 13 MW at 19 °C. 
In conclusion, exergy is a very important tool in 
analysing and designing energy systems. The methodology 
and results of this work can be useful in the analysis and 
design of similar systems. The results of the present study 
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CG : combustion gas 
Ex  : exergy, MW 
xe  : specific exergy, (kJ/kg) 
h : specific enthalpy (kJ/kg)  
potI  : improvement potential, MW 
m  : mass flow rate (kg/s) 
NG : natural gas 
P : pressure (kPa) 
SFC : specific fuel consumption 
s : specific entropy (kJ/kg K) 
T   : temperature (°C) 
y : exergy destrction ratio (%) 
Greek Letters 
ε  : exergy efficiency, % 
φ : relative humidity, % 
ω : humidity ratio 
Subscripts 
a : air 
ch : chemical     
D : destruction 
F : fuel 
e : exit 
i : in 
k : kth component 
L : loss 
o : out 
P : product 
ph : physical 
tot : total 
Q : heat 
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